Eukaryotic cells represent an intricate collaboration between multiple genomes, even down to the 2 level of multisubunit complexes in mitochondria and plastids. One such complex in plants is the 3 caseinolytic protease (Clp), which plays an essential role in plastid protein turnover. The 4 proteolytic core of Clp comprises subunits from one plastid-encoded gene (clpP1) and multiple 5 nuclear genes. The clpP1 gene is highly conserved across most green plants, but it is by far the 6 fastest evolving plastid-encoded gene in some angiosperms. To better understand these extreme 7 and mysterious patterns of divergence, we investigated the history of clpP1 molecular evolution 8 across green plants by extracting sequences from 988 published plastid genomes. We find that 9 clpP1 has undergone remarkably frequent bouts of accelerated sequence evolution and 10 architectural changes (e.g., loss of introns and RNA-editing sites) within seed plants. Although 11 clpP1 is often assumed to be a pseudogene in such cases, multiple lines of evidence suggest that 12 this is rarely the case. We applied comparative native gel electrophoresis of chloroplast protein 13 complexes followed by protein mass spectrometry in two species within the angiosperm genus 14 Silene, which has highly elevated and heterogeneous rates of clpP1 evolution. We confirmed that 15 clpP1 is expressed as a stable protein and forms oligomeric complexes with the nuclear-encoded 16 Clp subunits, even in one of the most divergent Silene species. Additionally, there is a tight 17 correlation between amino-acid substitution rates in clpP1 and the nuclear-encoded Clp subunits 18 across a broad sampling of angiosperms, suggesting ongoing selection on interactions within this 19 complex.
Introduction
In land plant mitochondria and plastids, there is frequent C-to-U RNA editing (Freyer et Discussion 290 291
Can pseudogenization explain massive accelerations in rates of clpP1 evolution? 292 Our analysis shows that accelerated clpP1 evolution has occurred frequently and 293 independently across green plants-particularly among seed plants. Accelerations in clpP1 are 294 thus a striking feature of seed plant evolution, especially given that clpP1 is highly conserved in 295 a majority of plant species. Pseudogenization has often been hypothesized as an explanation for 296 extreme clpP1 divergence (Hirao et al., 2008; Zhang et al., 2014; Williams et al., 2015) , and in many other plastome sequencing projects, clpP1 gene sequences have gone completely In summary, our analysis has characterized the remarkable extent and repeatability of Analysis of indels 587 To determine the relationship between rates of amino-acid substitution and rates of indels 588 in clpP1, we used the codon-based alignment for the small dataset. Indels were coded using the 589 modified complex coding option in SeqState v1.0 (Müller, 2005) . The indel data were visualized Havird, J.C., Whitehill Nicholas S., Snow Christopher D. and Sloan Daniel B. (2015) Conservative and compensatory evolution in oxidative phosphorylation complexes of angiosperms with highly divergent rates of mitochondrial genome evolution. Figure 3 : Native-gel and mass spectrometry analysis of Silene plastid proteins. A) LB-Native-PAGE performed on stromal protein fraction from S. noctiflora and S. latifolia. Red lines indicate approximate positions of gel slices for MS/MS analysis, but native masses were more finely calibrated with known stromal complexes. B) AdjSPC for subunits of the Clp R ring, including ClpP1. Triangles indicate the gel slice corresponding to peak detection for native complexes used for internal calibration. For more details see Figure S7 and Supplemental Dataset 1. 
Supplementary Materials
Figure S1: ClpP1 evolutionary rates across green plants. Tree is the same as shown in Figure 1 but includes species names for each branch. Branch length represents amino acid substitutions per site. Figure S6 : RNA editing of clpP1 codon 28 superimposed on ClpP1 evolutionary rate tree. Internal branches colored based on simple parsimony.
Figure S7:
Size-fractionated mass spectrometry analysis of Silene plastid proteins. Gel slices correspond to native gel shown in Figure 3 . A) Scaled AdjSPC summed across all subunits in different components of the Table S3 : Small dataset sampling Dataset S1A: Mass spectrometry-based identification of S. noctiflora proteins and annotation based on best homolog to Arabidopsis. Dataset S1B: Mass spectrometry-based identification of S. latifolia proteins and annotation based on best homolog to Arabidopsis.
